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Renal cortical blood flow and glomerular filtration in myohemo-
globinuric acute renal failure. Renal cortical blood flow measure-
ments were made serially after the induction of myohemoglobin-
uric acute renal failure in water-drinking rats and others given
150 m saline for a month in place of drinking water. Blood
flow in both groups fell to some one-third of control in the first
two hours after injection. Cortical perfusion of water drinking
rats stabilized at approximately 24% of control for the 24 hour
study period, but rose rapidly to 85% of control in the saline-
drinking group. Glomerular filtration (GFR) of water-drinking
animals was too slow for accurate measurement. GFR improved
concomitantly with blood flow in the saline-drinking animals,
reaching 84% of control within 12 hours. Estimations of intra-
glomerular pressure at various blood flow rates and calculated
pre- and postglomerular resistances suggested that filtration
failure in water-drinking rats was primarily attributable to pre-
glomerular vascular resistance change. A small decrease in post-
glomerular resistance could not be ruled out, however. In re-
covery, increased preglomerular resistance still was chiefly re-
sponsible for any residual deficit in glomerular filtration and
cortical blood flow, but an inhomogeneity of nephron perfusion
found earlier, and/or an element of postglomerular vascular
relaxation, lowered filtration below that predicted on the basis
of preglomerular constriction alone. Long-term saline loading
prior to the induction of myohemoglobinuria appears to pre-
vent acute renal failure by abolishing sustained renal cortical
ischemia.
Debit sanguin renal cortical et filtration glomerulaire lors de
l'insuffisance renale aigüe myohemoglobinurique. Chez deux
groupes de rats en état d'insuffisance rCnale aigUe induite par
l'injection de glycerol, on a repété les mesures de debit sanguin
du renal cortical et de filtration glomérulaire. Le premier groupe
était soumis a un régime normosodé et le second a une charge
sodée depuis un mois. Dans les deux groupes, Ic debit sanguin
cortical, mesuré dans les deux heures suivant l'injection, est
diminué de 1f3 par rapport aux valeurs tCmoins. Chez les rats
en regime normosodé, les valeurs du debit cortical restent basses
pendant les 24 heures d'étude, tandis qu'elles croissent jusqu'à
85% des valeurs témoins dans l'autre groupe. La valeur de Ia
filtration glomerulaire chez les rats normosodes est trop basse
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pour être mesurée. Chez les animaux en régime hypersodé,
Ia filtration glomerulaire augmente parallèlement au debit
sanguin cortical pour atteindre en moms de 12 heures 84%
de Ia valeur normale. L'evaluation de Ia pression intraglomérulaire
a differents debits sanguin et le calcul des resistances pré- et
post-glomerulaires suggerent que Ia diminution de Ia filtration
glomerulaire observée dans Ic groupe normosodé est due
principalement a une modification de Ia résistance vasculaire
preglomérulaire. Cependant, une faible diminution de Ia résistance
postglomérulaire ne peut pas Ctre eliminée. Lors de Ia récupéra-
tion, l'augmentation de Ia résistance vasculaire préglomerulaire
est encore principalement responsable de tout deficit residuel
de Ia filtration glomérulaire et du debit sanguin cortical. L'in-
égalite de perfusion des nephrons, préalablement décrite,
et/ou un certain degré de relâchement du tonus vasculaire
postglomerulaire abaisse Ia filtration glomérulaire plus que ne
le voudrait Ia constriction preglomerulaire isolée. Une charge
sodCe de longue dure avant l'injection de glycerol semble
empecher l'apparition d'une insuffisance rénale aigUe en abolissant
l'ischémie rénale corticale prolongée.
Studies using the indirect Fick technique for the
measurement of renal blood flow in man and the dog
with acute renal failure have been published with in-
creasing frequency [1—8]. To date, only one such study
[9] has been performed in rats, the experimental sub-
jects used extensively for direct micropuncture studies
of the pathophysiology of acute renal failure. The
present study has been designed to measure renal cor-
tical blood flow serially during the development stage,
the phase of sustained renal failure, and the recovery
period of glycerol-induced myohemoglobinuric acute
renal failute in the rat, and to investigate the hemo-
dynamic correlates of the protection afforded by long
term saline loading.
Methods
Experiments were performed on female Sprague
Dawley rats weighing 175 to 250 g. All animals were
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provided a diet of Purina® lab chow pellets and they
received either tap water or 150 ifiM NaCI as drinking
fluid for at least three weeks prior to experimentation.
Measurement of renal cortical blood flow. Renal
cortical blood flow was measured with small modi-
fications of the method of Aukland, Bower, and Ber-
liner [10]. With this technique, based upon the indirect
Fick method of Kety and Schmidt [11], the desatur-
ation of inspired hydrogen gas in the renal cortex is
measured with implanted platinum electrodes. The
electrodes used were fashioned from 0.004 or 0.005
inch diameter, 10 cm long, enamel-coated platinum
wire (Sigmund Cohn Wire Co., Mt. Vernon, N. Y.).
A single length of wire was used rather than soldering
a short length of platinum to a conducting lead so as
to avoid spurious potentials and insulation difficulties
at the soldering site. Platinization of the wire was not
found to improve the stability of the electrodes and,
after an initial series of experiments, it was dispensed
with. The terminal one to two mm of the electrodes
were carefully scraped with a razor blade to remove
the insulation and obtain a sharp point which would
produce minimal distortion when the electrodes were
placed in the kidney parenchyma. Tissue hydrogen con-
centrations were measured amperometrically using a
microvolt-microammeter (Keithley Instruments, Model
150 A) at a sensitivity of 30 to 100 mit full scale, the
current from the electrodes passing through a balanc-
ing circuit and shunt resistor as described by Neely
et al [12]. The circuit was completed with a stainless
steel needle electrode placed subcutaneously in the
thigh of the animal. The current deflection in response
to hydrogen in the environment of the electrodes was
recorded on a Varian GIl electronic recorder with a
chart speed of eight inches/mm.
The animals were anesthetized by an intraperitoneal
injection of 50 mg/kg body wt of sodium pentobarbital,
and placed on a heated table. Body temperature was
monitored with a rectal thermistor probe system
(Yellow Springs Instrument Co., Yellow Springs,
Ohio). The left kidney was exposed through a dorsal,
retroperitoneal incision; platinum electrodes were
passed through the perirenal fat, and their terminal
three mm was inserted into the kidney at a 40 to 60
tangent so that the entire uninsulated tip lay in the
outer two mm of cortex. Three different electrodes were
inserted at widely separated cortical sites in each
kidney. The kidneys were returned to their normal
position and the skin incision was then closed around
the platinum wires. The rats were allowed to stabilize
for a period of at least 30 mm before the experiments
were continued. The mean arterial blood pressure of
each animal was measured by direct carotid manometry
at the time of blood flow measurement. Rats whose
mean blood pressure was less than 100 mm Hg were
excluded from these studies. Blood flow measurements
were made by having the animals breathe 2.4 % hydro-
gen in air through an open anesthesia cone until full
scale current deflection was obtained on the recorder.
Air then was substituted for the hydrogen-air mixture
and the kidney tissue hydrogen desaturation curve was
recorded. Each curve was continued until it was as-
certained that the initial and final baseline values were
identical. The half-times for hydrogen desaturation
(t1/2) were determined from graphic analysis of the
current decay curves beginning some 15 sec after
discontinuing hydrogen to minimize the effects of
hydrogen recirculation. The rates of cortical blood
(CBF, ml/min/g cortex) were calculated from the mea-
sured half-time of hydrogen washout and the rate
equation: CBF=0.693/t'/2. Only those curves showing
mono-exponential decay were considered suitable for
analysis. A small minority was excluded on this basis.
Glomerular filtration, when measurable, was deter-
mined from the clearance rate of inulin '4C (New Eng-
land Nuclear Corp., Cambridge, Mass.). The bladder
was catheterized with a PE 60 catheter inserted through
the urethra. The femoral vein was cannulated and a
15 jiCi priming dose of '4C-inulin was injected in
0.5 ml 150 mxi saline. Inulin in saline, 30 jtCi/ml, was
infused continuously thereafter at a rate of 0.01 mI/mm
in animals with renal insufficiency, and 0.0375 mI/mm
in normal animals. Thirty minutes later, the bladder
was emptied by air flushing and a 30 mm clearance
period was begun. Samples of blood (25 to 50 jsl) were
collected from the tail at the beginning, midpoint, and
end of each clearance period for '4C-inulin assay. On
completion of the clearance measurement, the bladder
was emptied again by air flushing. Two microliter
samples of plasma and urine were counted in duplicate
in a Nuclear Chicago liquid scintillation counter.
Glomerular filtration rate (GFR) was determined from
the plasma concentration and timed urinary excretion
of '4C-labelled inulin.
Acute renal failure was induced by injecting 10 mI/kg
body weight of 50% glycerol in water in divided doses
into both hind limbs [13]. The animals were not de-
hydrated prior to injection and they were allowed free
access to drinking fluids (H2O or saline, according to
their prior regimen) after the injection. Renal cortical
blood flow was measured immediately prior to glycerol
injection in eight water-drinking and eight saline-loaded
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animals and followed for the first two hours after in-
jection. Blood flow measurements were begun on other
groups of animals 2, 4, 6, 8, or 10 hours after glycerol
injection, measurements being performed serially over
a two-hour period in most series.
To study renal cortical blood flow in the recovery
phase of acute renal failure, the blood urea nitrogen
(BUN) concentration of a group of water-drinking
rats was measured at daily intervals by an autoanalyzer
method [14] on 0.2 ml blood samples obtained from
the tail. Renal function was assessed as described above
when each animal's BUN concentration had fallen 20 %
or more below the peak value.
Statistical analyses were performed according to
Snedecor [15]. Unless stated otherwise, all values given
represent the mean and standard error of the mean.
Results
Reproducibility of cortical blood flow measurements.
Six replicate determinations of cortical blood flow
made with each of four electrodes implanted in different
kidneys of normal rats gave mean values and standard
deviations of 5.68±0.11, 5.04±0.18, 6.01 and
5.55 mI/mm g cortex. The standard deviations
averaged 3.2% of the mean cortical blood flow rate.
The mean difference between the highest and lowest
values obtained with three different electrodes in each
of 13 normal kidneys of water-drinking rats was 4.7%
of the mean flow rate.
Cortical blood flow and GFR values in normal rats.
Cortical blood flow (CBF) of 18 water-drinking rats,
including seven rats injected with glycerol immediately
after blood flow measurements, was 5.41 0.08
ml/min. g cortex. A 19th value of 8 ml/min. g cortex
was more than three standard deviations greater than
the mean and it was excluded by Chauvenet's criterion.
The CBF of eight salt-drinking control animals was
6.01 0.29 ml/min g cortex, a significantly higher
flow than that obtained in water-drinking rats
(P<0.02). The inulin clearance of eight water-drinking
animals, 0.72 0.01 mi/mm. lOOg bodywt, was not
different from that of 0.72±sEM 0.02 ml/min. 100 g
body wt measured in six of their saline drinking coun-
terparts.
Cortical blood flow after glycerol injection. The cor-
tical blood flow of seven water-drinking rats injected
with glycerol fell from 5.43 SEM 0.13 mi/mm . g cortex
in the preinjection period to 2.97 0.35 ml/min . g
cortex in the one-half hour after glycerol injection
(Fig. 1). Blood flow in other groups of six to eight
Fig. 1. Renal cortical blood flow in saline and water drinking rats
at various times after glycerol injection. The rapid rise in cortical
blood flow (CBF) beginning 2 hours after injection in saline
animals is in sharp contrast to the sustained ischemia observed
in their water-drinking counterparts.
water-drinking rats studied between 30 mm and 2 hrs,
6 to 8 hrs, and 10 to 12 hrs declined further, essentially
stabilizing at a value below 1.5 ml/min g cortex after
four hrs (Fig. 1). Four rats showed persistent ischemia
24 hours after glycerol injection.
Saline-drinking animals also experienced a period of
marked cortical ischemia shortly after glycerol injection
(Fig. 1). Cortical blood flow in these rats rapidly in-
creased after two hours, reaching a value 85 % of the
control within the next eight hours. The mean inulin
clearance measured in six saline-drinking rats in the
6 to 8 hour postinjection period was 0.35±sEM 0.03
mi/mm. 100 g body wt, and that in six other animals
during the 10 to 12 hour period after injection was
0.59 0.02 ml/min. 100 g body wt. The CBF
values of these animals were 3.81 0.39 and 5.08±
0.29 mi/mm. g cortex, respectively, at the time of GFR
measurement.
Blood flow and GFR in the recovery phase of glycerol
induced acute renal failure. Renal cortical blood flow
was studied in 26 water-drinking rats whose BUN
concentration had fallen 20 % or more below its peak
value after glycerol injection. These animals were
arbitrarily divided into groups whose BUN value at
the time of CBF study was less than, or greater than
50 mg/100 ml. The cortical blood flow of 13 rats with
BUN5Omg/lOOml was 3.38±sEM 0.22 ml/min. g
cortex, the C1 was 0.34±sEM 0.03 mI/mm. 100 g body
wt, and their mean BUN concentration was 35±sEM 3
mg/100 ml. The corresponding values in 13 animals
whose BUN was greater than 50 mg/l00 ml at the
time of study were 2.2±sEM 0.17 ml/min . g cortex,
1.'.
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Fig. 2. The relationship between GFR and renal cortical blood
flow during the recovery phase of acute renal failure in water
drinking and in saline-drinking rats. A close correlation was
obtained (P <0.01).
0.09 0.018 mI/mm. 100 g body wt and 78±sEM
5 mg/l00 ml. The relationship between GFR and CBF
in these rats and in saline-drinking animals during
recovery of function is shown in Fig. 2. A high degree
of correlation obtained (r=0.84, P<0.01).
Discussion
Renal micropuncture studies, with few exceptions
[16, 17], have shown that acute renal failure reflects a
failure of glomerular filtration [13, 18—27]. The marked
depression of filtration found in such studies generally
has been attributed to alterations in renal vasomotion,
a belief reinforced by the finding of significantly
depressed renal blood flow in both man and experi-
mental animals with acute renal failure [1—9]. This study
has utilized implanted platinum electrodes to measure
renal cortical blood flow of rats with glycerol-induced
acute renal failure and to examine the relationship
between disturbances in blood flow and glomerular
filtration.
The suitability of the hydrogen washout indirect
Fick method of measuring renal cortical blood flow in
the rat has been established by Haining and Turner
[28]. The present study has utilized this method instead
of the more usual PAH or diodrast clearance for deter-
mining renal blood flow. As discussed by Munck [5],
the direct Fick method is apt to be an inaccurate indi-
cator of renal blood flow in acute renal failure because
of difficulties in accurately measuring the rate of urine
formed by severly oliguric subjects, the possibility of
accumulation of indicator within the kidney, and the
error introduced in the determination of the extraction
ratio when arteriovenous concentration differences are
small. Equally important is the fact that the clearance
technique measures total renal blood flow rather than
cortical blood flow. In view of the redistribution of
intrarenal blood flow demonstrated in a number of
oliguric states [29—34], values for whole kidney blood
flow may give a misleading impression of the degree
of renal cortical ischemia. Since glomerular filtration is
entirely a function of the renal cortex, evaluation of the
role of disturbed vasomotion in the suppression of
filtration in this syndrome requires information on
cortical, rather than total renal blood flow. On the
debit side, the hydrogen washout method is not
without drawbacks since exposing the kidney and im-
planting the electrodes must produce some degree of
tissue injury. When meticulous care is used in inserting
well-sharpened, small (0.1 mm O.D.) platinum elec-
trodes, however, the tissue appears quite normal in vivo
and there is a clean tract with minimal evidence of
bleeding when the insertion site is examined microsco-
pically at the end of the experiments.
Control cortical blood flow values obtained in this
study were comparable to, but slightly higher than,
those found with this technique by Haining and
Turner [28] for somewhat older rats and almost identi-
cal to those of Ayer et al [9] obtained with the '33Xe-
washout method. As shown in Fig. 1, blood flow
decreased rapidly after glycerol injection, falling to
approximately one-third of the control value within
two hours. This finding is in keeping with the severe
alterations in peritubular capillary blood flow, decrease
in tubular diameter and near cessation of glomerular
filtration and tubular fluid flow observed in micro-
puncture studies of animals shortly after injection with
glycerol [13]. Blood flow of water-drinking rats de-
creased further in the succeeding two hours, stabilizing
at approximately one-fourth of the control value
throughout the remainder of the study. Ayer et a! [9]
recently have obtained a similar result using the xenon
washout technique for blood flow measurement in rats
given an identical dose of glycerol to that used here.
Since blood pressure is essentially unaltered after
glycerol injection, this change in blood flow must re-
flect increased renal vascular resistance —preglomeru-
lar, postglomerular, or both.
It has been stated previously that a change of pre-
glomerular resistance is probably responsible for the
near cessation of glomerular filtration in experimental
acute renal failure, a belief which appears to be well
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justified but not formally demonstrated. In attempting
to dissect the relative roles of altered pre- and post-
glomerular resistance in the pathogenesis of this model
of acute renal failure, it is necessary to know the nor-
mal value for intraglomerular pressure. Intraglomeru-
lar pressure in rats has been estimated indirectly by a
number of investigators [23, 35—40]. Older values fell
within the range of 75 to 90 mm Hg [35—38]; more
recently, Jaenike [23] has postulated an intraglomeru-
lar pressure of 60 mm Hg and Brenner, Troy, and
Daugharty [39] and Andreucci et al [40] have presented
values approximating 45 mm Hg. It seems likely, a!-
though not certain, that the lower values are most apt
to be correct, but, in view of the uncertainty, only
qualititative statements concerning the various intra-
glomerular resistances are warranted at this time. It is
clear, however, that exclusively efferent arteriole con-
striction would reduce the pressure drop across the
afferent arteriole and raise, rather than lower, intra-
glomerular pressure. Filtration would be well main-
tained, therefore, and renal failure would not ensue in
the absence of a marked decrease in hydraulic con-
ductivity of the glomeruli or a massive increase of
intratubular pressure. Such a rise of intratubular pres-
sure does not occur [13, 18, 19, 26, 27]. An exclusive
change in preglomerular resistance of the magnitude
required to lower cortical perfusion to the degree seen
in this study would undoubtedly lower intraglomerular
pressure to such a degree that filtration would be im-
possible regardless of whatever cited value for normal
intraglomerular pressure is chosen. Since glomerular
filtration of water-drinking animals injected with
glycerol was maximally reduced, the marked decrease
in cortical perfusion observed in this study could indeed
have been the result of an exclusive change in preglo-
merular resistance. A modest change in postglomerular
vascular tone cannot be excluded, however.
Water-drinking rats in the recovery phase of glycerol-
induced myohemoglobinuric renal failure exhibited an
excellent correlation between renal cortical blood flow
and glomerular filtration (Fig. 2). A discrepancy
between these two parameters ocurred in only one
animal, and even here cortical blood flow was suffi -
ciently reduced that, if due to preglomerular vascular
constriction alone, it was understandably associated
with minimal glomerular filtration. It may be seen from
Fig. 3, however, that the observed GFR values in
recovery actually were lower than those expected if the
reduction in cortical blood flow were the result of
exclusively preglomerular vascular constriction. The
discrepancy between predicted and observed GFR
Fig. 3. Observed GFR values at various cortical flow rates in
recovery compared with values predicted on the assumption of an
exclusive change of preglomerular vascular resistance. Legends
A to D represent assumed normal values for intraglomerular
capillary pressure of 90 mm Hg, 80 mm Hg, 70 mm Hg, and
60 mm Hg, respectively. There is a significant discrepancy be-
tween measured GFR and that predicted on the basis of ex-
clusively preglomerular arteriolar constriction. This discrepancy
would be even more marked if the true normal glomerular
capillary pressure was 45 mm Hg as suggested recently (see text).
shown in Fig. 3 was most marked at the lower GFR
values and most apparent with lower assumed normal
values of glomerular capillary pressure. In addition,
"filtration fractions" were lowest in animals with BUN
values greater than 50 mg/100 ml (0.07) and remained
lower than the control value in the animals whose BUN
had fallen below 50 mg/tOO ml (0.17). Such findings
suggest that preglomerular vascular constriction in
recovery, at least, might be attended by efferent arterio-
lar relaxation. Even a modest decrease in postglomeru-
lar resistance concomitant with an increased preglome-
rular resistance would have profound effects on fil-
tration. In man, with normal mean arterial and intra-
glomerular pressures of 90 mm Hg and 60 mm Hg,
respectively [41, 42], it may be calculated that filtration
would virtually cease at a blood flow 85 % of normal if
postglomerular resistance were only 20% below nor-
mal. Such postglomerular vascular relaxation could
well account for the few reported patients whose GFR
was found to be very low while renal blood flow was
near normal [3, 4]. Jaenike's finding [43] that the
diodrast clearance of rats given mannitol and saline
early in methemoglobin-induced renal failure rose to a
value 50% higher than control without a striking
change in GFR may have a similar explanation. It has
been shown in a previous micropuncture study [19],
however, that recovery of renal function in this model
of acute renal failure reflects the rapid return of GFR
towards normal in increasing numbers of nephrons,
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filtration in the remainder being negligible. Nonfil-
tering nephrons are perfused nonetheless, their blood
flow contributing to that measured while they do not
contribute significantly to the measured whole kidney
GFR. It is, then, not essential to invoke a decrease in
postglomerular vascular resistance to explain the
moderate discrepancy between observed and expected
GFR values in the recovery phase of this model of
acute renal failure.
The protection of renal function afforded by long-
term saline-loading of rats prior to challenge with
glycerol [18], dichromate [24], or HgC12 [44] now is well
established. Renal function of salt-loaded rats in the
present study was maximally suppressed for two hours
or more after glycerol injection. As shown in Fig. 1,
however, cortical blood flow increased rapidly in the
succeeding hours, reaching one-half of the normal
control value within six hours and some 85 %ofcontrol
within 12 hours. This increase in blood flow was asso-
ciated with a concomitant parallel rise in whole kidney
GFR (Fig. 2), suggesting that factors other than renal
cortical vascular resistance change played little, if any,
role in the maintenance of renal insufficiency. The
mechanisms by which long-term salt-loading protects
rats from acute renal failure have not been established.
Protection would seem not to be dependent upon
prevention of tubular injury since the animals ex-
perienced intense cortical ischemia for a period of
some two hours before recovery began. Furthermore,
saline-drinking rats poisoned with HgCl2 (4.7 mg/kg
body wt) show comparable protection of renal function
to that seen here despite extensive and frank tubular
necrosis [44]. Renal and peripheral renin titers are
markedly depressed following prolonged salt-loading
[45], and it is tempting to suggest that the renin-
angiotensin axis is a key factor in the pathogenesis of
acute renal failure [18, 24, 46, 47]. Whatever the me-
diating mechanism, long-term salt-loading appears to
exert its protective effect by inhibiting prolonged con-
striction of the preglomerular vasculature.
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